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Abstract The in vitro antimicrobial activities and bio-

logical effects on host cells were compared for the bovine

cathelicidins BMAP-28, an alpha-helical AMP, and Bac5

and Bac7, proline-rich AMPs. Our results confirm that the

broad-spectrum activity of BMAP-28 correlates with a high

capacity to interact with and permeabilize bacterial mem-

branes, whereas the proline-rich AMPs selectively inter-

nalize into the cytoplasm of susceptible Gram-negative

bacteria with a non-lytic mechanism. All peptides effi-

ciently translocated into mammalian fibroblastic cells, but

while Bac5 and Bac7(1–35) localized to nuclear structures

and induced cellular proliferation, BMAP-28 associated

with mitochondria and did not induce proliferation.

Moreover, BMAP-28 was considerably more cytotoxic

than the proline-rich peptides due to cytolytic and pro-

apoptotic effects. Our results highlight important functional

differences among the bovine cathelicidins and suggest that

they contribute to an integrated response of the host to

infection, with distinct but complementary activities.

Keywords Antimicrobial peptide � Cathelicidin �
Alpha-helical � Proline-rich � Membranolytic

Introduction

Antimicrobial peptides (AMPs) are evolutionarily ancient

and integral components of the antimicrobial arsenal in

virtually every organism, playing an important role in the

host defense [11, 35]. Numerous different families of

AMPs have been identified in plants and animals, each

comprising distinct sets of evolutionarily related peptides

with characteristic structural features [29]. A common and

distinctive element of all these peptides is the ability to

exert a direct antimicrobial activity in vitro, on a wide

spectrum of microbial pathogens.

In mammals, the best known AMP gene families are the

cathelicidins [32, 34] and defensins [21], which, in addition

to providing a first line of defense against invading

microbes, also afford protection against infection by acting

as alarmins [31], stimulating other innate or adaptive

immune responses [9, 15] and/or promoting wound healing

[12]. These peptides can be expressed by both phagocytic

and epithelial cells and can therefore act rapidly in tissues

at the interface with the external environment, which are

most exposed to the microbial biota and infection by

pathogens. The tissue distribution and size of these families

can, however, differ significantly among mammals. For

instance, while up to a dozen distinct cathelicidin AMPs

have been described in pigs, only one cathelicidin seems to

be present in many other mammals, including rodents,

carnivores and primates [33, 36]. Furthermore, while the

single human cathelicidin is widely expressed in both

myeloid and epithelial cells, bovid cathelicidins seem to be

exclusively of myeloid origin, with no published evidence

of expression in epithelial cells [25, 32].

Cathelicidins are characterized by a well conserved,

cathelin-like, N-terminal pro-peptide, from which the

C-terminal AMPs are proteolytically released on myeloid
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cell degranulation or secretion from epithelial cells [32]. A

striking feature of artiodactyl cathelicidins is their struc-

tural heterogeneity. Bovine BMAP-27, -28 and -34 display

the classical amphipathic a-helical structure also found in

many amphibian and insect AMPs; ‘dodecapeptide’ has a

small b-hairpin structure reminiscent of some insect and

crustacean AMPs; the linear proline-rich Bac5 and Bac7

show some analogies to insect proline-rich AMPs; indo-

licidin displays a peculiar tryptophan-rich structure [24].

This structural diversity reflects in a functional diversity, so

that for example the helical BMAPs are thought to kill

bacteria principally by membrane lysis [2, 17, 22], while

proline-rich AMPs make use of a specific transport system

to internalize into Gram-negative bacterial cells and hit

internal targets [13, 19]. This functional diversity also

extends to a differential cytotoxicity toward host-cells at

higher concentrations, and more importantly reflects on

non-toxic effects of these AMPs on host cells at lower

concentration, related to warding off infection or promot-

ing healing [8, 12, 26].

In this paper, we compare the in vitro antimicrobial,

cytotoxic and host-cell modulating activities of the

a-helical BMAP-28 and proline-rich Bac5 and Bac7(1–35),

the N-terminal part of Bac7, the minimum sequence

retaining the activity of the natural peptide, underlining

their different modes of action. An increased understanding

of these activities is desirable as the cathelicidins likely act

as endogenous antibiotics, helping to defend cattle from

economically deleterious diseases such as mastitis, and

might represent lead compounds for novel antibiotics to be

used in the livestock and dairy industries.

Materials and Methods

Peptides

Peptide syntheses were carried out using the Fmoc chemistry,

as described previously [2, 17, 22], and were verified using

ES-MS spectrometry (Applied Biosystems/MDS Sciex or

Bruker Esquire 4000 controlled by the Esquire Control soft-

ware v.5.3). Peptides were dissolved in a water/acetonitrile

(1/1), 0.1% (v/v) formic acid solution and ionized by ESI in

positive ion polarity. Main ESI and MS acquisition parameters

were the following: ESI source: 4,000 V; mass range (m/z):

500–1,500, Max accumulation time: 200 ms, ICC target:

50,000, scan rate: 13,000 m/z/s. Ion trap voltages were auto-

matically controlled with the Smart Parameter Setting Options

setting a target mass of 800 m/z, a compound stability of

50%, and a Trap Drive level of 100%.

Concentrations of stock solutions, prepared with accu-

rately weighed peptides, were verified spectrophotometri-

cally [30]. Fluorescein or BODIPY (Invitrogen, CA)

labeling of peptides was conducted as described previously

[5, 19, 26].

Antimicrobial Activity Assays

The antibacterial and antifungal activity of the peptides

was tested on clinical isolates or collection strains. All the

bacterial strains were stored at -80 �C and routinely

grown onto Mueller–Hinton (MH, Becton–Dickinson,

Sparks, MD, USA) agar plates. Fungi were grown onto

Sabouraud agar plates at 30 �C for 48 h; the inoculum

suspensions were prepared by picking five colonies and

suspending them in 5 ml of sterile PBS. The minimum

inhibitory concentration values (MICs) were determined by

the broth microdilution susceptibility test following the

guidelines of the NCCLS with mid-log phase cultures.

Serial two-fold dilutions of each peptide were prepared

(final volume of 50 ll) in 96-well polypropylene microtiter

plates with MH broth for bacteria and RPMI-1640 for

fungi. Each dilution series included control wells without

peptide. A total of 50 ll of the adjusted inoculum

(approximately 5 9 105 cells/ml for bacteria or 5 9 104

cells/ml for fungi, in the appropriate medium) was added to

each well. To evaluate the MIC, microtiter plates with

bacteria were incubated at 37 �C overnight, while those

with fungi were incubated at 30 �C for 48 h.

Bacterial Cell Permeabilization and Internalization

Studies

Propidium iodide (PI) uptake determinations were carried

out with the E. coli HB101 and ATCC 25922, and S. aureus

ATCC 25923 strains, using a Cytomics FC 500 flow-

cytometry instrument (Beckman-Coulter, Inc., Fullerton,

CA) equipped with an argon laser (488 nm, 5 mW) and

photomultiplier tube fluorescence detectors for filtered light

(610 nm for PI detection and 525 nm for BODIPY and FITC

detection). Bacterial uptake of labeled AMPs was also

determined by flow cytometry as described previously [5].

Briefly, 1 9 106 CFU/ml mid-log phase bacteria were har-

vested and incubated in MH broth with the labeled peptides

at 37 �C for 10 min. Treated cells were analyzed directly

without washing or after a four times wash with buffered

high-salt solution. The quenching effect of trypan blue (TB)

was evaluated after incubation of the peptide-treated cells

with 1 mg/ml of the dye at room temperature for 10 min. At

least 10,000 events were acquired for each sample and data

analysis performed with the FCS Express3 software (De

Novo Software, Los Angeles, CA). Data are expressed as

average MFI (mean fluorescence intensity) ± S.D.

For confocal laser scanning microscopy (CLSM), the

same bacterial cells as used for flow-cytometric studies

were exposed to labeled peptide for 10 min, washed four
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times with buffered high-salt solution and 10 ll of each

bacterial suspension was placed onto a slide and covered

with a cover-glass to obtain an unmovable layer of cells.

Bacterial cells were examined without any fixation proto-

col with a Nikon C1-SI confocal microscope, using an oil

immersion objective lens. The optimum photomultiplier

setting was determined in preliminary experiments per-

formed ad hoc, and then the same setting was used for all

samples. The image stacks collected by CLSM were ana-

lyzed with EZ-C1 FreeViewer software (Nikon Corpora-

tion) and ImageJ 1.40 g software (Wayne Rasband,

National Institutes of Health, USA).

Cell Culture and Confocal Laser Microscopy

NIH 3T3 murine fibroblastic cells were cultured under

5% CO2 at 37 �C as exponentially growing subconfluent

monolayers in Dulbecco’s modified Eagle’s Medium

(DMEM) supplemented with 10% (v/v) fetal calf serum

(FCS) and 2 mM glutamine. For confocal microscopy

analysis, cells were seeded on glass bottom dishes

(Willco Wells BV) and incubated overnight at 37 �C in

complete DMEM. The cell culture medium was then

replaced with DMEM containing 2% FCS and 1.5 lM

each fluorescein-labeled peptide and incubation continued

for 15 min. After extensive washings, cells were exam-

ined directly by a LEICA TCS Laser scan microscope

equipped with 488-nm argon-ion laser and with 543 nm

helium–neon ion laser. Optical sections were collected at

different levels perpendicular to the optical axis. Photo-

multiplier gain and laser power were identical within each

experiment.

Cytotoxicity

NIH 3T3 cells were incubated for 60 min at 37 �C in

DMEM, in the absence or presence of each peptide. The

activity of the cytosolic enzyme lactate dehydrogenase

(LDH) was measured in cell-free media and cell lysates

using the CytoTox 96 non-radioactive cytotoxicity assay

(Promega). LDH activity in the culture media was

expressed as percent of total cellular LDH activity. Per-

meabilization to PI was evaluated in peptide-treated cells

after staining with 100 lM PI, 1 mg/ml RNAse in PBS for

20 min. Cells were mounted on glass slides and examined

using a fluorescence microscope (Nikon) equipped with

TRITC filters. The number of PI-positive nuclei was

expressed as percentage of total nuclei.

Cell Proliferation Assays

NIH 3T3 cells (1 9 104 cells/cm2) were seeded on cover-

slips in 35-mm-diameter dishes or in 96-well plates and

incubated at 37 �C in complete DMEM. After 24 h, the cell

culture medium was replaced with DMEM containing

0.5% FCS and the incubation was prolonged for 48 h. After

this time, addition of 50 lM bromodeoxyuridine (BrdU)

for 60 min resulted in less than 5% of BrdU-positive

nuclei. Growth-arrested cells were incubated in DMEM

containing 2% FCS and 50 lM BrdU, in the absence or

presence of the selected peptide. After 18 h, cells were

fixed with 4% PFA in PBS and processed for immunoflu-

orescence as described [10]. DNA synthesis was assessed

by counts of BrdU-positive cell nuclei over total cell nuclei

after BrdU incorporation. Alternatively, growth-arrested

cells were incubated in DMEM containing 2% FCS, in the

absence or presence of the selected peptide. After 24 h

incubation, 0.5 mg/ml methyl thiazole tetrazolium (MTT)

was added to the culture media and cells were incubated for

an additional 3 h. Cells were then lysed with isopropanol,

and the absorbance at 570 nm was recorded. Cell prolif-

eration in the presence of each peptide was expressed as

percentage of the control value, corresponding to untreated

cells. Statistical differences among groups of data were

analyzed by one-way ANOVA followed by Bonferroni

post-test, using GraphPad Prism version 5.0 (GraphPad

Software, Inc.). In all comparisons, P \ 0.05 was consid-

ered significant.

Results

The peptides investigated in this work are listed in Table 1,

and their antimicrobial activities are shown in Table 2. The

helical cathelicidin BMAP-28 and the proline-rich Bac7(1–

35), in particular, were tested on a range of bacteria and a

number of strains for each micro-organism. For all the

peptides, the activity of the all-D enantiomer was also

tested against representative strains.

The mode-of-action of the different peptides was probed

by monitoring the uptake of PI using flow cytometry, a

standard method for detecting if they damage bacterial or

eukaryotic cells. Treatment of representative Gram-posi-

tive or Gram-negative bacteria at 1 lM BMAP-28 resulted

in marked permeabilization (Table 2), with effectively all

cells showing PI positive already after 15 min incubation,

and the all-D enantiomer behaved in an entirely similar

manner. Conversely, treatment of bacteria with the proline-

rich Bac5 and Bac7(1–35) resulted in little permeabiliza-

tion even though the 1 lM concentration is at the high end

of the measured MIC values for E. coli.

The mode of action of the peptides was further studied

by making use of fluorescently labeled peptides [5]. When

E. coli cells were incubated with BODIPY-labeled Bac7

(1–35), flow cytometric analysis showed a considerable

increase in cell fluorescence with respect to an untreated
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population (Fig. 1a, MFI shifts from 10 to 230). Extensive

washing followed by exposure to the cell impermeant

quencher TB would significantly reduce fluorescence

deriving from external or surface-bound fluorophore, but

would not affect internalized fluorophore in the absence of

membrane lesions. As reported in Fig. 1, washing and

treatment with TB hardly affects fluorescence of E. coli

cells exposed to labeled Bac7(1–35) (MFI = 220, \ 5%

quenching), confirming it has virtually all internalized into

cells without causing membrane damage. The cellular

internalization of Bac7(1–35) on the same cell preparation

was confirmed by confocal microscopy (Fig. 2). Treatment

of E. coli cells with 0.25 lM BODIPY-labeled peptide for

10 min resulted in a homogeneous cytoplasmic staining, as

can be seen in a representative section from the middle of a

bacterial cell.

Exposure to fluorescein-labeled BMAP-28 also

increased the fluorescence of E. coli (Fig. 1b, MFI shifts

from 25 to 190), but in this case, both washing and

quenching with TB resulted in a significant reduction of

fluorescence (MFI = 50, 74% quenching), indicating that

it remains accessible to the quencher.

The differential capacities of the peptides to interact

with animal cells was probed by incubating 1.5 lM fluo-

rescein-conjugated BMAP-28, Bac5 or Bac7(1–35) with

NIH 3T3 in the presence of 2% heat-inactivated FCS.

Confocal microscopic analysis of these cells revealed that

at these concentrations all peptides rapidly translocated

Table 1 Primary structures and properties of the cathelicidin AMPs used in this study

AAegrahC]aD[WMSequencePeptide a

Bac5 

Bac7(1-35) 

BMAP-28 

5148.3 10 43 0.44 

4207.2 11 35 -1.4 

3073.9 8 27 0.46 

a per residue average hydrophobicity calculated using the CCS hydrophobicity index scale (http://www.bbcm.univ.trieste.it/*tossi/

HydroCalc/HydroMCalc.html. In this scale, the more positive the index, the more hydrophobic the residue is. Polar, hydrophilic residues

have negative indices

Table 2 Antimicrobial and permeabilizing activities of the cathelicidin AMPs and analogs used in this study

Peptides

BMAP-28 D-BMAP-28 BAC5 D-BAC5 BAC7(1–35) D-BAC7(1–35)

Antimicrobial activity (MIC, lM)a

E. coli 1–8 (9)b 1–2c 0.5c 8c 0.125–1 (10) 16c

P. aeruginosa 2–8 (10) – 8c – 0.5–32 (20) [64c

K. pneumoniae 1–8 (12) – 1c – 0.25–1 (13) –

S. enteritidis 4–8 (10) – 1c – 0.125–0.5 (10) [64c

S. aureus 1–4 (10) 2–4c [64c [128c [ 128c [128c

C. albicans 2–16 (24) – – – [64 (6) –

C. neoformans 0.5–4 (17) – – – 1–32 (13) –

Bacterial cell permeabilization (percentage PI positive cells)d

E. coli ATCC25922 95% 85% 5% 10% \5% 5%

S. aureus ATCC25923 97% 97% \5% \5% \5% \5%

a Data are a compendium of unpublished and previously published results [4, 24, 27, 29]. MIC values were determined in Mueller–Hinton broth

for bacteria (5 9 105 CFU/ml), and RPMI-1640 medium for yeast (5 9 104 CFU/ml) using micro-organisms at logarithmic phase, and are the

mean of at least three independent experiments performed in duplicate
b Numbers in parenthesis indicate the number of different strains on which MIC determinations were carried out; the reported MIC values

indicate the range
c Data refer to the E. coli ATCC 25922, S. aureus ATCC 25923, S. enteritidis ATCC 14028, K. pneumoniae ATCC 13883 and P. aeruginosa
ATCC 27853 strains
d Percentage PI positive cells, calculated from flow-cytometric data after 15 min incubation with 1 lM peptide
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through the lipid bilayer without cell permeabilization and

were found associated with intracellular structures after

15 min of incubation, as shown in Fig. 3. The a-helical

peptide BMAP-28 showed a punctate cytoplasmic distribu-

tion of the staining (Fig. 3a, d) with partial co-localization

with the mitochondrial cytochrome oxidase (Fig. 3e, f). The

proline-rich Bac5 (Fig. 3b) and Bac7(1–35) (Fig. 3c) were

instead mostly associated with nuclear (Bac 5) or nucleolar

[Bac 7(1–35)] structures.

To investigate-growth promoting activities of the pep-

tides under study, NIH 3T3 fibroblasts synchronized in G0

by growth-arrest, were incubated in DMEM containing 2%

FCS in the absence (control) or presence of increasing

concentrations of each peptide. Bac5 induced proliferation

at concentrations above 10 lM, as determined using the

BrdU incorporation assay, with an efficiency at 25 lM

slightly lower than that of 10% FCS-containing medium

(Fig. 4a). The MTT assay confirmed proliferation pro-

moting activity for both Bac5 and Bac7(1–35), whereas

BMAP-28 was ineffective at up to 3 lM (Fig. 4b) and

caused a dose-dependent decrease in the cell numbers at

higher doses (data not shown) suggesting that at these

concentrations it was toxic to the cells.

The cytotoxic potential of this peptide in eukaryotic

cells was thus further investigated using both the PI per-

meabilization and LDH release assays. In the former assay,

the formation of even small lesions to the cytoplasmic

membrane can allow the rapid access of PI (MW = 668)
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Fig. 1 Internalization of cathelicidin peptides into bacterial cells.

Effect of Trypan Blue on the fluorescence of E. coli HB101 cells

exposed to Bac7(1–35)-BODIPY (BP) (a) or BMAP-28-Fluorescein

(FL) (b). E. coli cells (1 9 106 CFU/ml) were incubated with

0.25 lM Bac7(1–35)-BY or BMAP-28-FL for 10 min, washed with

buffered high-salt solution, and then analyzed by flow cytometry with

(dark gray) or without (light gray) incubation with 1 mg/ml of TB for

10 min. Untreated cells are shown by the empty histogram

Fig. 2 Bac7(1–35) internalization into Gram-negative bacterial cells.

Confocal microscopic images of E. coli HB101 cells upon incubation

for 10 min with 0.25 lM Bac7(1–35)-BY (left) or an anti-LPS, FITC-

labeled antibody (right). All images are representative sections from

the middle of the bacterial cell. Over 95% of examined cells displayed

microscopic images equivalent to those shown in the above repre-

sentative images
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and the effect can be assessed already after quite short expo-

sure to the peptides, whereas in the latter assay, larger lesions

are required for release of the enzyme from the cytoplasm.

BMAP-28 showed some toxicity against NIH 3T3 fibroblasts

already at 3 lM, as determined by both uptake of PI and LDH

release (Fig. 5a), in a serum-dependent manner (Fig. 5b). The

corresponding all-D enantiomer was slightly more cytotoxic

(data not shown). On the contrary, exposure to up to 50 lM

Bac5 or Bac7(1–35) did not cause significant membrane

permeabilization (Fig. 5a).

Fig. 3 Internalization and localization of cathelicidin peptides in

NIH 3T3 cells. Cells were treated for 15 min with 1.5 lM fluores-

cein-conjugated BMAP-28 (a), Bac5 (b) or Bac7(1–35) (c) and

observed unfixed by confocal laser microscopy. Confocal analysis of

cells exposed to 1.5 lM fluorescein-conjugated BMAP-28 for 15 min

(d), fixed with paraformaldehyde and incubated with antibodies to

cytochrome oxidase (e) (TRITC secondary antibodies), and superim-

position of the two (f)

Fig. 4 Effect of cathelicidin peptides on proliferation of NIH 3T3

cells. Growth-arrested NIH 3T3 cells were incubated in DMEM

containing 2% FCS in the absence (control) or presence of increasing

concentrations of Bac5 (a) or in the presence of BMAP-28 (3 lM),

Bac5 (25 lM) or Bac7(1–35) (25 lM) (b). As a cell growth control,

cells were incubated with 10% FCS-containing medium. The

induction of DNA synthesis was assessed after 18 h incubation in

the presence of 50 lM BrdU (a) and expressed as the ratio between

BrdU-positive nuclei and total nuclei. The number of cells after 24 h

incubation was assessed by MTT assay (b) and was expressed as

percent of cells incubated in the absence of each peptide. The mean of

at least three independent experiments and the SD are reported.

(* P \ 0.05 as assessed by one-way analysis of variance and

Bonferroni post-test)
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Discussion

The bovine cathelicidin Bac5 is a proline- and arginine-rich

cathelicidin of 43 residues with an amidated C-terminus

and charge 10 ? (Table 1). Bac7 is longer (60 residues),

but it was found that the 1–35 N-terminal fragment,

Bac7(1–35), had an equivalent activity to the parent peptide

on susceptible Gram-negative bacteria [3]. This peptide is

also highly cationic (11 ?) and more hydrophilic than

Bac5. BMAP-28 (charge 8 ?) has a comparable hydro-

phobicity to Bac5 and undergoes a transition from an

unstructured to an a-helical conformation in the presence of

a membrane-like environment [22], unlike the two proline-

rich peptides, which likely remain in an extended confor-

mation in the presence of bacterial membranes [1, 23].

These peptides differed significantly in the range and

potency of their antimicrobial activity. BMAP-28 showed a

broad-spectrum in vitro activity covering Gram-positive

and Gram-negative bacteria as well as yeasts, although a

significant variation in potency was observed with respect

to different strains and isolates of the same micro-organ-

ism. Furthermore, assays with selected Gram-positive and

-negative bacteria indicated that the all-D enantiomer dis-

played a similar activity, in accordance with a proposed

membranolytic mechanism initiating with the interaction of

the amphipathic helix with the membrane surface. The

helix sense makes little difference to the formation of a

hydrophobic face on the helix, a structural feature required

for subsequent insertion into the lipid bilayer. The proline-

rich Bac5 and Bac7 were particularly active against Gram-

negative bacteria, but generally not against Gram-positive

ones. They displayed a potent activity against all E. coli,

K. pneumoniae and S. enteritidis strains tested, whereas

some P. aeruginosa isolates were quite resistant to Bac7

(1–35). Significantly, the available genomes of this Gram-

negative bacteria lack the gene for the SbmA membrane

transport system (see the next paragraph). Furthermore,

although Bac7(1–35) was inactive against all tested

C. albicans yeast isolates, several C. neoformans yeast

isolates showed a considerable susceptibility to this pep-

tide, although the mechanism of cidal action remains

unknown. In the case of the proline-rich AMPs, the all-D

enantiomers showed a significant loss in potency against

selected susceptible Gram-negative isolates. This is in

agreement with a proposed mechanism partially depending on

active transport through the cytoplasmic membrane involving

the SbmA protein, which presumably requires a stereoselec-

tive recognition [13, 19]. There is also evidence that the

subsequent interaction with internal targets, leading to cellular

inactivation, also requires a stereo-selective binding [20].

The different modes-of-action of BMAP-28 (membran-

olytic) and proline-rich Bac5 or Bac7(1–35) (non-lytic), was

confirmed by uptake of PI (Table 2). Results clearly showed

that BMAP-28 acted via a membranolytic mechanism at low

micromolar concentrations, whereas the proline-rich pep-

tides were non-lytic at concentrations lethal to susceptible

bacteria. Furthermore, by using fluorescently labeled pep-

tides and an extracellular, impermeant quencher (Fig. 1), it

was possible to determine that BMAP-28 either remained

bound to the membrane surface, or, if internalized, remained

accessible due the presence of lesions that allowed access to

it by the quencher. The labelled proline-rich Bac5 and

Bac7(1–35) instead internalized into susceptible bacterial

cells without cell lysis, and were thus protected from the

quencher. Cellular internalization was confirmed by confo-

cal microscopy of E. coli cells treated with fluorescently

labeled Bac7(1–35) (Fig. 2), which resulted in a homoge-

neous cytoplasmic staining.

Fig. 5 Cytotoxic activity of cathelicidin peptides. Effect of BMAP-

28, Bac5 and Bac7(1–35) on the integrity of plasma membrane of

NIH 3T3 cells. (a) LDH activity was measured in the cell supernatant

after 1 h incubation in DMEM, 2% FCS, in the absence or presence of

the indicated concentrations of BMAP-28, Bac5 or Bac7(1–35) and

expressed as percent of total cellular LDH activity. Positivity to

propidium iodide was evaluated by fluorescence microscopy analysis

of NIH 3T3 cells treated with the same peptide concentrations and

expressed as percent of total cell number after Hoechst staining. (b)

LDH activity measured after 15, 60 and 180 min incubation of NIH

3T3 cells with 3 lM BMAP-28 in DMEM containing increasing

amounts of FCS
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The different mechanisms of antibacterial action of the

helical BMAP-28 and the proline-rich Bac5 and Bac7(1–

35) derive from distinctly different structures, orienting the

peptides toward different targets. To investigate whether

these structural features also affect interactions with host

cells, we next probed for a differential ability of fluores-

cein-conjugated BMAP-28, Bac5 or Bac7(1–35) to interact

with and become internalized into fibroblasts, as a model

mammalian cell. Confocal microscopic analysis of NIH

3T3 cells revealed that at low micromolar concentrations

all peptides translocated rapidly through the lipid bilayer

without permeabilization (Fig. 3) and associated with

intracellular structures. BMAP-28 associated with mito-

chondria, while Bac5 and Bac7(1–35) with nuclear or

nucleolar structures.

The interaction of BMAP-28, Bac5 or Bac7(1–35) with

host cells might result in the induction of cellular effects. In

this respect, it has been reported that some cathelicidins

have the ability to induce cellular proliferation, a process

which could be associated with wound healing [32]. We

found that the proline-rich peptides did efficiently induce

proliferation at concentrations above 10 lM (Fig. 4),

whereas BMAP-28 was ineffective up to 3 lM, and in fact

was likely toxic to these cells at higher doses. The cyto-

toxic potential of this peptide on eukaryotic cells was thus

further investigated using membrane permeabilization

assays, and in fact showed some toxicity against NIH 3T3

fibroblasts already at 3 lM (Fig. 5), while exposure to

Bac5 or Bac7(1–35) up to 50 lM did not cause significant

membrane permeabilization. It was interesting that the all-

D enantiomer of BMAP-28 was slightly more cytotoxic

than the all-L peptide, a feature observed also with model

helical AMPs [14]. This may be because it is less suscep-

tible to interactions with the medium components, outer

wall components or proteolytic enzymes, which may have

a protective effect (see the next paragraph).

It is not surprising, considering that the proline-rich

Bac5 and Bac7(1–35) do not display a membranolytic

mechanism against bacteria, that they should also not dis-

play such an activity on eukaryotic cells. On the other

hand, it would appear that the cell membrane is a primary

target of the a-helical BMAP-28 in both bacterial and

eukaryotic cells. In a prior study, we have shown that in the

presence of toxic concentrations of BMAP-28, its mem-

brane perturbing activity is associated to apoptotic cell

death through opening of the mitochondrial membrane

transition pore [18]. It should be considered, however, that,

owing to the ability of hydrophobic serum components to

bind cationic and amphipathic peptides [37], the cell per-

meabilization by BMAP-28 is dose-dependently inhibited

by serum, as shown in Fig 5b. The sequestering effect of

serum would decrease the effective concentration of

BMAP-28 under physiological conditions and may thus

represent a means to protect the host cells from untoward

peptide-mediated toxicity [6]. It is interesting in this

respect that, although in the present study BMAP-28 was

incapable to induce cell proliferation at non-toxic peptide

concentrations, we have observed in another study that it

induces cytokine expression in epithelial cells at similarly

low peptide concentrations [28], suggesting it may con-

tribute through this mechanism to the activation of innate

immune responses in addition to exerting direct antimi-

crobial activities.

Conclusions

In this work, we have compared the antimicrobial activity,

the host-cell interaction properties and the cytotoxicity of

an a-helical and two proline-rich bovine cathelicidins.

These show distinctly different spectra and modes of

antimicrobial action. The former peptide has a principally

membranolytic activity which correlates with a broader

spectrum, while the latter peptides act via a non-lytic

internalization mechanism on susceptible Gram-negative

species, resulting in a narrower spectrum of activity. These

functional features may also reflect on their effects on host

cells, with the proline-rich peptides displaying non-

detectable cytotoxicity and an efficient internalization,

followed by nuclear localization, while the helical BMAP-

28 shows graded effects on host cells, ranging from

induction of cytokine release at non-lytic concentrations,

which may help activate innate immune responses, to pro-

apoptotic effects at near-lytic concentrations, that may

provide cells with the possibility to contain potential

necrotic effects.

In this respect, it is interesting to consider recent reports

that have indicated an increased presence of bovine cath-

elicidins in conceptus fluid in response to immuno-inflam-

matory episodes [16], as well as in bovine milk during

experimentally induced mastitis [7]. We have recently

found that these cathelicidins (helical, proline-rich, as well

as indolicidin), may have a collaborative antimicrobial

activity in milk or whey [28]. All these considerations

indicate that the different types of cathelicidins expressed in

bovines may contribute to the integrated response of the host

to infection, with distinct but complementary effects, and

underline their potential for the development of novel

therapeutic agents or protocols for veterinary use.
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